View the article online for updates and enhancements. Abstract Regarding the different protocols used for external cancer radiotherapy (X or γ rays, electron, proton or ions beams) or radioimmunotherapy (Auger electron emitting radionuclides), the initial energy deposited in integrated biological systems (biomolecular and sub-cellular targets) represents a decisive parameter for the primary and more delayed radiation damage. A short-range energy distribution governs mainly i) the early survival probability of secondary electrons, ii) the spatio-temporal distribution of short-lived reactive radicals inside nascent tracks, iii) the primary biomolecular alterations triggered by low energy secondary electrons. The thorough understanding of these fundamental processes requires a real-time investigation of primary radiation events, typically in the temporal range 10 -14 -10 -11 s. Laserplasma accelerators based High Energy Radiation Femtochemistry (HERF) represents a newly emerging interdisciplinary field which can be driven in strong synergy with the generation of ultrashort particle beams in the MeV energy domain. The innovating developments of HERF would favour the investigation of prethermal radiation processes in aqueous and biochemically relevant environments. In this way, the quantum character of a very-short lived low-energy electron state (p-like configuration) represents a promising sub-nanometric probe to explore early radiation processes in native tracks. The specific properties of ultra-short electron beams accelerated by TW laser are very useful for future developments of spatio-temporal radiation biophysics in complex biological systems such as living cells.
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Introduction
The innovative aspects of radiation therapy are growing rapidly as a result of new technical solutions enabling improved radiation sources, diagnostics and precision treatments. The exposure of living matter to ionizing radiations (X-and γ-rays, electrons, protons or ions) in the keV and MeV domains induces a broad range of complex physical responses and signalling processes that cells and tissues integrate or remove to maintain their functional integrity and prevent tumour formation. It is commonly admitted that the early spatial distribution of energy deposition triggered by ionizing radiation interactions with bio-molecular architectures is decisive for the control of damage at cellular or tissue levels and for the prediction of delayed responses in radiation medicine and cancer therapy [1] [2] [3] [4] . The complex links that exist between the physical aspects of early radiation events and the delayed evolution of biological endpoints, carcinogenesis or cell survivals need the development of advanced spatio-temporal radiation biomedicine [5] . One major challenge of radiation biomedicine is to determine the fate of confined clusters of ionization and their associated radical processes in the nanometric environment of biological targets. In this way, the investigation of elementary radical reactions in condensed phase can be carried out in strong synergy with the recent progresses of ultrashort laser sources [6] [7] [8] [9] [10] . The innovating TW laser plasma accelerators that deliver ultra-short high energy electron bunches in the MeV range open promising perspectives for the development of high energy radiation femtochemistry (HERF) [11] . Considering the energy dependence of the electron stopping power in water for instance (figure 1), the real-time investigation of early radiation events in native tracks becomes accessible. This approach requires also the contribution of LERF (low energy radiation femtochemistry) devoted to the ultrafast spectroscopy of low energy radiation processes, typically for E < 6 eV. 2. Importance of a multiparametric approach including energy, space and time
Energy deposition and spatial distribution of early ionisation processes
The interactions of relativistic MeV electrons with water molecules induce ultrafast energy scattering processes and fractionated ionization clusters (figures 2 and 3). These ionization processes involve a hierarchy of electron populations for which the energy varies from the relativistic levels to the thermal value (kT ~0.025 eV). Typically, in less than 10 -16 s, energy quanta of 200 and 20 eV are delivered in nanometric tracks and spurs, respectively. Due to the uncertainty relation for time and energy, the fastest ionising events in confined clusters take place in less than 0.33×10 -16 
A second uncertainty principle for the position and momentum of relativistic particles must also be considered:
with p the momentum of the particle and Δp = ΔE/u if u represents the particle velocity (~3×10 10 cm s -1 ). From these two incertitude principles, an expression of Δx can be extracted (equation 2). Figure 2 . Time-space relationship of primary events in a water environment following an energy deposition triggered by MeV ionising radiation. In nanometric ionisation tracks, the prethermal regime of very low energy electrons corresponds to the temporal window 10 -14 -10 -12 s.
Consequently, a quantum energy of 20 eV deposited by relativistic particles occurs on 10 -6 cm (~100 A) and involves nanometric ionization clusters. As early radiation damage can be highly dependent on the survival probability of low-energy secondary electrons and of the spatial distribution of primary radicals produced from water molecules, a thorough knowledge of native tracks requires the real-time probing of radiation events in the 10 -15 -10 -11 s range. For an aqueous environment, this temporal domain concerns mainly prethermal events for which quantum states of very low excited electrons involve nonadiabatic transitions and lead to the sub-picosecond localization of secondary electrons in the water bath. Beyond 10 -11 s, fully relaxed electrons contribute to sub-micrometric dispersive diffusion processes which can be carefully described by classical approaches such as the master diffusion equation [12, 13] . 
Ultrafast irradiations by femtosecond high-energy electron bunches
The powerful laser techniques (table-top terawatt Ti:Sa laser amplifier systems) combined to laser plasma interactions provide femtosecond high-energy electron beams, typically in the 2.5 -15 MeV range, which might conjecture the direct observation of primary radiation events in spurs and tracks. From the technical point of view, a 820 nm TW titanium-doped sapphire laser beam with an on-target energy of 960 mJ in 30 fs FWHM pulses can be focused onto the sharp edge of a 2 mm diameter supersonic helium gas jet. With intensities of the order of 2.7 × 10 19 W/cm 2 in vacuum, the femtosecond laser pulse ionises the gas and excites relativistic plasma waves in the underdense plasma [7, 10, 14, 15] .The electrons of the plasma are accelerated by the intense electric field in the forward direction producing a well collimated electron beam with an initial duration of the same order of the TW laser pulse. Typically, a total charge of the electron beam determined by an integrating current transformer equals 2.5 ± 0.2 nC and corresponds to a mean number of (1.55 ± 0.15)×10 10 electrons. The specific qualities and properties of ultra-short relativistic particle bunches foreshadow the development of advanced research to deepen the biophysical understanding of ultrafast radiation events in native ionization tracks. Recent femtolysis experiments (Femto second radio lysis) of aqueous targets, performed with pulsed electron bunches of 2.5-15 MeV were devoted to the investigation of early radical processes [16] . For an effective temperature of the femtosecond electron beam of about 4.5 MeV, the integrated energy flux in aqueous samples equals 5.8 × 10
10 MeV cm -2 . Using a highlytime-resolved pump (femtosecond electron bunch) -optical probe (femtosecond photon pulse) orthogonal configuration, the real-time investigation of primary radiation processes can be performed in the radial direction of femtosecond electron bunches ( figure 3) .
Laser-plasma accelerator based high energy radiation femtochemistry gives new insights into the time dependence of fully hydrated electrons (e In this analytical expression, two adjustable parameters are considered: 1D geminate recombination time which is equivalent to a jump time (T J ) and a recombination probability γ. These random 1D walking electrons satisfy both the experimental absorption signal dynamics in the 0-75 ps range and the time-dependence 1/(t) 1/2 of dispersive recombination processes inside non-homogeneous ionization clusters (multi-scale phenomena). The least-squares fit of the 820 nm signal dynamics emphasizes that dispersive geminate recombinations between e -aq and neoformed OH radical or H 3 O + ion take place immediately after a femtosecond energy deposition in the water bath. Such non synchronized events are mainly observed between 0 and 20 ps. This early electron recombination dynamics is significantly influenced by the spatial distribution of ionisation events. Indeed, the recombination time (T J ) is much shorter in diluted ionization environments triggered by a two-photon excitation process (2 × 4 eV) than in confined native tracks induced by relativistic electron bunches: T J = 1.2 ps vs 2.0 ps, respectively (upper part of figure 4). Femtolysis experiments emphasize that in native ionisation tracks, ultrafast geminate recombinations are dependent on the transient distribution of electron-hole pairs and the spatial configurations of electron-prototropic entities. A limit case corresponds to very short-range electronproton couplings for which H 3 O + undergoes one jump (1D motion by a finite process). In this way, considering a diffusion coefficient of H 3 O + expressed as D ~ λd 2 /6 and an experimental jump frequency λ = 1/Tj = 0.5 x 10 12 s -1 , the initial proton jump distance would be around 2.8 Å. Femtolysis experiments also underline the significant contribution of highly reactive water bridged three-body complexes [OH • …e -…H 3 O + ] in early stages. As shown in the lower part of figure 4 , the real-time discrimination of these non-independent pairs requires short FWHM Gaussian probing profiles, typically less than 2 × 10 -12 s.
Modulation of early radical processes in native ionisation tracks
In nascent spurs, the escape probability of low energy secondary electrons is significantly dependent on ultra-fast recombination with two neoformed prototropic entities: OH and H 3 O + . These primary radical events influence also the early yield of low-energy localized electrons [16] . Laser-plasma accelerator based HERF may allow the direct observation of primary radiation events as a function of local environments induced by the presence of ionic entities or bio-molecules in the aqueous bath ( figure 5) . Indeed, when the high density of hydrogen bonding is significantly broken by a ionic [17, 18] . HERF studies strongly suggest the preeminence of quantum effects during the sub-picosecond recombination of non-independent radical pairs within a fluctuating hydrogen bond network [16] . With reference to femtolysis experiments performed with homogeneous aqueous samples, the dynamics of early events can also be modulated by molecules of biological interest such as the disulfide compound (NH 3 -(CH 2 ) 2 -SS-(CH 2 ) 2 -NH 3 ) [19, 20] . In the chemical core induced by femtosecond electron bunches, this disulfide compound favors a bimolecular reaction: an electronbiomolecule attachment from 1s-ground state hydrated electrons, characterized by a pseudo-first order dynamics (exp (-t/τ) with τ = 45 ps). This diffusion-controlled process leads to the formation of sulfurcentered radical anions RS∴SR -characterized by a two-centre-three electron bond [21, 22] . Indeed, small bio-molecules can be used as a sensor of specific environments determined by confined ionisation spaces. Future femtolysis developments would permit to extend our understanding of very short-time radical events in the prethermal regime of ionization tracks i.e. typically in the 10 -14 -10 -12 s window (figure 2).
HERF and prethermal radiation biomedicine at the nanometric scale
One of the most promising developments of future experimental HERF research will concern i) the real-time investigation of early radical events in the prethermal regime of native ionization tracks, considering short-lived quantum probes produced at the frontier of physical core and penumbra zone, ii) the quantification of ultrafast sub-nanometric bio-molecular damage (bond weakening and bond breaking) in the radial direction of relativistic particle beams, using the infrared spectroscopic properties of the very-short lived p-like configuration of excited electron [23] . This p-like excited state is the direct precursor of 1s ground state hydrated electrons [24] [25] [26] [27] . It provides a ubiquitous subnanometric probe to explore short-time interactions with bio-molecules [22, 28, 29] and would offer the opportunity to characterize pertinent bio-effect parameters in native ionization tracks, as a function of the radiation quality (energy, time, fluence density and dose delivery rate profiles).
Compared to classical dose rate delivery generally used for conventional radiotherapies, ~ 1 Gy min -1 , the very high dose rate delivered with laser plasma accelerators, ~10 13 Gy s -1 , may challenge our understanding of radiation effects on molecular targets, at the time scale of i) molecular motions, i.e. angstrom or sub-angstrom displacements, ii) radical and molecular vibrations. Regarding more integrated living systems such as normal and cancerous cells, the consequence of high dose rate profiles delivered by laser-plasma accelerated particle beams (electron, proton) requires the developments of bio-dosimetry concepts at the nanometric levels. Recent advances for spatio-temporal radiation biology are in progress [30] [31] [32] [33] . They are a prerequisite for the biomedical applications of ultrashort radiation sources such as the real-time radio-sensitisation of tumour cells with vectorized nanoparticles or pulsed cancer chemoradiation therapies.
